The coping strategy of a CANON (completely autotrophic nitrogen removal over nitrite) reactor working at room temperature was investigated using response surface methodology. The total nitrogen (TN) removal efficiency was taken as a dependent variable. The temperature (X ), dissolved oxygen (DO) concentration (Y ), and influent nitrogen loading rate (Z) were taken as independent variables. Results showed that the relation of these three independent variables can be described by the TN removal efficiency expressed as 
INTRODUCTION
Certain kinds of wastewater, such as the leachate of aging landfill, are characterized by low chemical oxygen demand to nitrogen ratios. The conventional way of nitrogen removal through nitrification-denitrification processes is not suitable to apply to these streams. In several systems, autotrophic ammonia removal is observed in streams of high ammonium and low organic carbon loads (Siegrist et al. ; Keluskar et al. ) . Autotrophic ammonia removal is the combination of the partial nitrification and the anaerobic ammonia oxidation, a process in which the aerobic ammonia-oxidizing bacteria (AAOB) and the anaerobic ammonia-oxidizing bacteria (AnAOB) work together. The nitrite resulting from the partial nitrification process acts as an electron acceptor that helps accomplish the ANAMMOX (anaerobic ammonium oxidation) process. The ANAMMOX process can be described by Equation (1) 
Many processes are involved in producing a better synergistic effect between AAOBs and AnAOBs. AAOBs and AnAOBs can work in separate units (Sharon-ANAMMOX) or together in one oxygen-limited tank (CANON -completely autotrophic nitrogen removal over nitrite) (van Dongen et al. ; Sliekers et al. ) . For the latter system, a biofilm reactor is applied. The partial nitrification process and the ANAMMOX processes can occur in the same piece of biofilm. AAOBs are located on the outer side of the biofilm, where they oxidize ammonia into nitrite. The inner side of the biofilm constitutes an absolutely anaerobic space, which can be an appropriate shelter for the AnAOBs.
Temperature is a governing factor of the CANON process. The partial nitrification process encounters problems under a low temperature, because nitrite-oxidizing bacteria, a competitor of AAOB, prosper under the same condition (Hellinga et (Bashir et al. ) , and the optimization of the coagulation/flocculation process (Khayet et al. ) .
This study attempts to formulate a strategy that can assist the CANON reactor to work at room temperature, and thereby expand the engineering application of the process. The Box-Behnken design (BBD) (Draper et al. ; Montgomery ) and RSM have been applied to achieve this task. The mutual interactions between the parameters of the CANON reactor are analyzed to derive an appropriate strategy. Then, an experiment is performed to inspect and verify the analysis above.
METHODS

Reactor description
As shown in Figure 1 , the experiment was conducted in a sequencing batch biofilm reactor (SBBR) with a working volume of 12 L. The unit had the following dimensions: a height of 500 mm and an inner diameter of 200 mm, with the height to the diameter ratio being 2.5. Air was supplied to the bottom of the reactor by using an air pump to promote the transfer of oxygen into the bulk liquid. A rotameter was also placed between the air pump and the tank to regulate the dissolved oxygen (DO) concentration in the bulk. A semi-soft filler was used as the biomass carrier and the packing rate was 50% (V/V).
Operational strategy
Six previously developed CANON reactors were selected for the RSM experiment and the verification test. For feeding with a high concentration (NH 4 þ -N: 2,000 mg/L) stream, biofilm thickness of these reactors exceed 8,000 μm. The DO concentration of the bulk was higher than that close to the biofilm in these reactors. All the reactors were kept running for more than 1 year, and were placed under a similar condition before the beginning of each experiment. An artificial wastewater was used to facilitate the BBD. The right amount of NH 4 -HCO 3 was added into tap water, making the NH The reactors had no carbon supply. The N loading rate was controlled by the drain ratio. When the drain ratios were 0.20, 0.35, and 0.50, the N loading rates were 0.4, 0.7, and 1.0 kgN/(m 3 d) respectively. The SBBR were operated in cycles of 24 h distributed according to the scheme described in Figure 2 . Nitrogen species were tested and analyzed according to the standard methods of the American Public Health Association (APHA ); temperature and DO concentration were tested by a Hach portable DO meter. The experiment was undertaken in two stages. Part 1 consisted of the experiment for the RSM analysis. In this stage of the experiment, the reactor was placed in a thermostatic chamber, for the control of the temperature. All of the reactors remained stable for more than 2 months at this stage; then average total nitrogen (TN) removal efficiency was determined to support the RSM analysis. Part 2 consisted of the verification test, which was conducted in the local autumn. For the first 2 weeks of this stage, the reactor was in a thermostatic chamber. Then the reactor was placed in an ambient temperature with no temperature control.
The RSM design
Three steps are involved, including the statistical design of the experiments, the obtaining of the equation, and the applicability examination (Montgomery ; Bas & Boyaci ). The experimental design was based on BBD; TN removal efficiency, the governing evaluation factor of the performance of the CANON reactor, was selected as the dependent variable in the experiment. A total of three independent variables were used: the temperature of the reactor, the DO concentration during aeration, and the influent N loading rate.
Each of the independent variables had three levels. Table 1 shows the levels and their corresponding actual values. The chosen independent variables used in this experiment were coded according to Equation (2):
where x i is the coded value of the ith variable; X i represents the uncoded value of the ith test variable; X 0 is the uncoded value of the ith test variable at the center point.
The selection of the model depends on the experiment result (Montgomery ; Myers & Montgomery ). Following the BBD, a total of 17 experiments were conducted. The experimental scheme and result are both listed in Table 2 . The central point has five repetitive experiments to improve the precision. Based on the results, a second-order polynomial model was better suited to describe the correlation between the input variables and their output response (Myers et al. ) . Equation (3) shows the empirical second-order polynomial model:
where y is the predicted TN removal efficiency response; x i represents the coded variables; β 0 , β i , β ii , β ij are the regression coefficients and ε is the stochastic term, which is supposed to have Gaussian distribution.
RESULTS AND DISCUSSION
Proof of model
The following coded equation (Equation (4)) for the TN removal efficiency was developed from Equation (3); the coefficients are listed in Table 3 , which were fixed by multiple regression analysis based on the experimental data. The P-value of the BC term was more than 0.1, and thus was removed from the equation. And as 
The results of the analysis of variance (ANOVA) for Equation (4) are presented in Table 4 . The P-value (Prob > F) of the model was relatively low (P < 0.0001), indicating that the model is significant. The other indices must be in accordance with F (lack of fit) > 0.1, R 2 > 0.95,
Precision > 4.011 (Myers & Montgomery ; ArslanAlaton et al. ). Table 4 shows the index of Equation (4) that could satisfy the requirements. P-values of linear, square, and interaction were all less than 0.05, indicating these terms are all significant. Therefore, ANOVA shows that Equation (4) is appropriate in describing the relation between the parameters (temperature, DO concentration of the bulk, and N loading rate) and the response variable (TN removal efficiency). Transforming the coded value to actual value resulted in Equation (5) 
where X is the temperature; Y is the DO concentration; Z is the N loading rate. 
Analysis of the response surface
Three-dimensional plots could be generated to visualize the response surfaces. The cumulative effects of any two variables of the experiment could be displayed while keeping the other factor constant. The results are listed in Figures 3-5 . In these figures, the shape of the contour line describes the interaction effect between the parameters. An elliptical contour line indicates that the two factors interact significantly, whereas a circle shows the two factors interact indistinctly. Thus, Figure 3(b) illustrates that temperature and DO concentration interact significantly, which means that the dropping of temperature negatively impacts the system and DO concentration can be regulated to counterbalance this impact.
Under a constant N loading rate of 0.7 kgN/(m³ d) as shown in Figure 3(a) , and when the temperature was dropped from 35 to 22 W C, the TN removal efficiency also dropped accordingly. However, the TN removal efficiency was 80%, a relatively high value, when the two parameters were as follows: a temperature of 22 W C and a DO concentration of 2.7 mg/L. When the temperature and DO concentration were set at 22 W C and 1.0 mg/L, respectively, the removal efficiency dropped sharply to 50%. When the influent loading rate was set to 0.4 kgN/(m³ d) or 1.0 kgN/(m³ d), a similar result was observed.
In Figure 4 (b), the contour line tends to be straight, which indicates that the temperature and the influent N loading rate interact extremely significantly. As analyzed before, when a drop in the temperature negatively impacts the system, the influent N loading rate can be restricted to counterbalance that impact as well. Furthermore, because of the extremely significant interaction of the two factors, the counterbalance effect this time is greater than that of the DO concentration. Under a DO concentration of 2.5 mg/L, and when the temperature is decreased from 35 to 15 W C, the TN removal efficiency also decreased sharply. However, a relatively high TN removal efficiency of about 80% could be obtained if the influent N loading rate was set to 0.4 kgN/(m³ d). Furthermore, if the N loading rate was set to 1.0 kgN/(m³ d), the removal percentage would be 33%. When the DO concentration was fixed at 1.0 or 4.0 mg/L, similar results were observed. Unlike the figures above, the contour line tends to be circular in Figure 5 , which indicates that no significant interaction occurs between DO concentration and influent N loading rate. Thus, their variation could counterbalance the impact of temperature separately and independently. As such, when the CANON reactor enters the condition of low temperature, the coping strategy can be as follows: controlling and regulating the parameters of influent N loading rate and DO concentration, via the counterbalance effect, to keep a relatively high efficiency. Specifically, when temperature dropped, N loading rate should be reduced and DO should be regulated to a proper value based on Equation 
Verification test
As shown in Figure 6 , during the first 2 weeks the reactor ran under a temperature of 35.0 W C. The N loading rate and the DO concentration were 0.7 kgN/(m³ d) and 3.0 mg/L, respectively. The reactor achieved an average TN removal efficiency of 91.3%. On the 14th day, the reactor began to have an ambient temperature. Afterward, the average temperature of the reactor was 19.2 W C. Based on the strategy and Equation (5), influent N loading rate was regulated to 0.35 kgN/(m³ d) and DO concentration to 2.6 mg/L. After debugging, the CANON reactor showed an improved performance on the 33rd day. Afterward, the running status of the reactor stabilized, with an average TN removal efficiency of 88.7%. The strategy was proved to be viable. Nitrate did not accumulate, with a concentration between 187.8 and 220.9 mg/L. The NOBs remained inhabited. The average effluent ammonia and effluent nitrite were 12.0 and 6.3 mg/L, respectively. The AAOB and the AnAOB cooperated well (Strous et al. ) , indicating that the drop in temperature merely brought down the activity of the two bacteria separately. However, the synergy between them could be maintained by regulating the other parameter.
CONCLUSION
BBD and response surface were involved in the study of the interaction between DO concentration, N loading rate, and temperature in the CANON reactor. The temperature showed a significant interaction with the N loading rate and the DO concentration. A strategy to cope with the room temperature for the CANON system was proposed: altering the parameters of N loading rate and DO concentration to counterbalance the impact of low temperature. The verification test proved the viability of the strategy, and indicated that, with its adoption, the CANON reactor could be made to run with a relatively high efficiency under room temperature.
